Walleye pollock (Theragra chalcogramma) is the target of one of the world's largest fisheries and is an important prey species in the eastern Bering Sea (EBS) ecosystem. Little is known about the potential effects of fishing on the school characteristics and spatial distribution of walleye pollock. Few dedicated research surveys have been conducted during pollock fishing seasons, so analysis of fishery data is the only feasible approach to study these potential effects. We used acoustic data collected continuously by one fishing vessel in January-February 2003, which operated north of Unimak Island. Results from comparisons between two fishing periods showed significant changes of pollock distribution at different scales. The schools were smaller and denser during the second period. Furthermore, the spatial distribution of schools became sparser, as evidenced by the lower frequency of schools per elementary distance sampling unit and the increase in average next-neighbor distances (NNDs). However, the average NND between schools within a cluster and the average abundance of clusters did not change significantly. Variography was used to investigate the changes at scales larger than 1 nm. The increased range, nugget effect, and sill in the second period indicated changes of pollock spatial distribution; however, it is unclear whether these changes are attributable to fishing or ecological processes.
Introduction
Pelagic species usually form dense aggregations, or schools, during daytime and disperse at night. Walleye pollock (Theragra chalcogramma), which is semi-pelagic, forms persistent mid-water and near-bottom schools during the spawning season. For schooling species, the pattern of aggregation may have a large effect on fishery catchability (Castillo and Robotham 2004) . Harvesters are skilled at finding fish aggregations using search strategies aided by technology (echosounders, oceanographic sensors, satellite imagery, etc.). Consequently, strong interactions would be expected between the distribution and behavior of both fish and harvesters (Potier et al. 1997 , Wilson et al. 2003 , Bertrand et al. 2004 ). Wilson et al. (2003) studied how fishing activities affected the pollock distribution in Barnabas Trough in 2002, but did not find strong impacts. This paper focuses on changes in pollock schooling during a one-month fishing season in the eastern Bering Sea (EBS) using acoustic data collected aboard a commercial fishing vessel.
The commercial fishery for walleye pollock in the EBS is one of the largest fisheries in the world. This species is also an important component of the EBS ecosystem as a major prey species. Recently there has been great interest in the potential biological interaction between Steller sea lions (Eumetopias jubatus) and commercial fishing, following the classification in 1997 of the western population of Steller sea lions as endangered under the Endangered Species Act. It remains unknown whether fishing causes significant decreases in pollock abundance or changes in their spatial distribution that in turn adversely affect the foraging success of sea lions (Zeppelin et al. 2004) .
Acoustic survey methods have been widely used for assessment because of their high temporal and spatial resolution (Simmonds and MacLennan 2005) . Commercial vessels can be good platforms for collecting scientific acoustic data (Melvin et al. 1998 (Melvin et al. , 2002 Wyeth et al. 2000; Mackinson and Kooij 2006) , and are particularly useful for in-season monitoring of stock trends (Stephenson et al. 1999 , Melvin et al. 2001 . Pollock is the main sound scatterer at 38 kHz during the winter spawning season in the EBS (Dorn et al. 2002) . Since 1979, acoustics have been used to estimate pollock abundance in mid-water during the echointegration trawl (EIT) surveys of the EBS (Barbeaux and Dorn 2003) .
However, these surveys are mainly conducted in the summer, except for several winter surveys conducted in 2001 (Honkalehto et al. 2002 . The first major fishing season (called the "A" season opening on January 20) occurs in winter. Consequently, surveys do not provide adequate information about interactions between fishing and pollock aggregations (Barbeaux and Dorn 2003) .
Scientists from the Alaska Fisheries Science Center (AFSC) and University of Alaska Fairbanks developed a prototype data logger to interface with 38 kHz echosounders onboard fishing vessels and capture the acoustic backscatter returns in 2001 (Dorn et al. 2002 . Since 2002, the joint opportunistic acoustic data (OAD) program has been collecting, processing, and storing acoustic data from selected factory trawlers participating in the eastern Bering Sea pollock fishery (Dorn et al. 2002) . Seven fishing vessels collected acoustic data during normal fishing operations in the "A" season when the fish form pre-spawning aggregations. These data make it possible to study the relationship between pollock aggregations and fishing activities. However, due to difficult weather conditions and equipment breakdowns, much of the opportunistic data cannot be utilized. Here, only the acoustic data collected by one vessel in 2003, which had fewer missing pings and was generally of higher quality than data from other vessels, were used to examine pollock aggregation patterns in the area north of Unimak Island.
Materials and methods

Data collection and study area
The vessel is a large factory trawler that mainly operated north of Unimak Island (near 54º46'N, 164º08'W) in the eastern Bering Sea from January to February 2003 (Fig. 1) . The vessel operated in the same area during the early and late periods of the fishing season. Acoustic data were logged with an uncalibrated 38 kHz Simrad ES60 split-beam echosounder with 1 ms nominal pulse length and 7.1º beam width. Uncalibrated acoustic data are of course not suitable for absolute fish density estimation; however, the purpose of this study was the analysis of school morphology characteristics, spatial patterns, and relative changes in school density, which should be robust to the lack of calibration.
Data analysis
Echoview 3.30 software (SonarData 2005) was used to process raw data and classify the echo trace from 15 m below the surface to 0.5 m above the bottom. Walleye pollock schools were detected and characterized using the school module in Echoview. We used only data collected dur-ing daylight hours, when pollock show schooling behavior. Criteria from Wilson et al. (2003) were used to classify the pollock aggregations as follows. The threshold for detecting schools was set to -70 dB at 1 m. The other six input parameters for the school algorithm were minimum school length (40 m); minimum school height (5 m); minimum candidate length, i.e., minimum length allowed for a single school candidate (5 m); minimum candidate height, i.e., minimum height allowed for a single school candidate (2 m); maximum vertical linking distance, i.e., maximum vertical distance allowed between two school candidates being linked to form a school (5 m); and maximum horizontal linking distance (20 m) (SonarData 2005) . A representative echogram showing walleye pollock schools is shown in Fig. 2 .
School descriptors were generated by the Echoview software, including morphometric descriptors (length, thickness and area of schools, Fig. 2 ), positional descriptors (longitude, latitude, school depth, bottom The upper and lower panels display the fishing tracks from Jan. 22 to Feb. 5, and from Feb. 14 to Feb. 24, respectively. NASC, nautical area scattering coefficient) (Simmonds and MacLennan 2005) . Based on the above descriptors, some relational descriptors were also determined as follows. Fractal dimension of a school is an index of shape complexity and is a function of school perimeter related to school area (Nero and Magnuson 1989) . The line backscattering coefficient, s L , is a measure of a school's total backscatter and is calculated by integrating the volume backscattering coefficient (s v ) over the sectional area of aggregation (MacLennan et al. 2002 ). An abundance index, I abun , was obtained by multiplying NASC by school area. The vertical distribution of a school, V D , is the distance between school depth and bottom depth. To examine pollock schooling changes during fishing, two separate fishing periods were used to investigate the changes at the school scale and larger scales. Based on the available data and the track of the fishing vessel, the first period was set from January 22 to February 5, and the second period was set from February 14 to February 24. The vessel operated in roughly the same area in both periods, allowing comparisons to be made between periods (Fig. 1) . For hypothesis testing, the detected schools during the two periods were pooled and the statistical significance was determined by Student t-tests (Zar 1999) . It is common for schools of pelagic species to group together in larger scale aggregations, called clusters (Swartzman 1997 , Petitgas 2003 . To test if there was clustering of schools, the school data for each day were binned into 1 nm elementary distance sampling units (EDSUs) along the fishing track; this distance is commonly used in acoustic analysis (Reid 2000) . Statistical significance was tested by the Pearson χ 2 criterion:
which has a χ 2 distribution with m-1 degree of freedom (Swartzman 1997) , where m is the number of EDSUs, n i is the number of schools of the ith EDSU, and n is the average number of schools in an EDSU.
If there was evidence of clustering, the patterns in school clusters were studied. To define a cluster, the next-neighbor distance (NND) was computed for each school along the fishing track. A 1 km thresh- old NND was used to group schools into different clusters because it is near the leveling-off point of most NND-cumulative distributions ( Fig. 3) (Petitgas 2003) . This point is used as the threshold because the curvature of the distribution curve is related to the repetition rate of the process and hence to the scale of the clustering. Fig. 4 shows the schematic relationship between a cluster and schools. After clustering, some additional variables were recorded: the number of clusters (N clus ), the length of each cluster (L clus ), the number of solitary schools (N soli ) (schools not in clusters), the number of schools per cluster (N s ), and the number of schools per unit cluster length (ρ clus ). The abundance index was also calculated for clusters (I clus ) and solitary schools (I soli ). To test if the threshold is appropriate, a linear regression was conducted for the number of schools in cluster versus the cluster length (Petitgas 2003) .
Variography was used to examine changes in the spatial structure between the two fishing periods. Based on the detected schools, we calculated the arithmetic average of the school volume backscattering coefficient (s v ) within each 1 nm EDSU for constructing one-dimensional variograms. Acoustic survey data are characterized by a few large values with a majority of rather low values. This may cause severe problems in structural analysis based on the semi-variogram and its parameters. Consequently a robust version of the experimental semi-variogram (Cressie and Hawkins 1980) is used: Cluster at a scale larger than 1 nm. The range is the distance where the semivariogram levels off at the sill (Fig. 5) . The discontinuity at the origin is the nugget effect caused by measurement error and variation at scales smaller than the lag size.
Results
Echo trace classification
There were 808 schools identified in the first period and 474 schools identified in the second period. Several school characteristics exhibited significant differences between the two periods (Table 1) . School density was significantly higher in the second period, as evidenced by higher NASC and s L (P < 0.001). The density almost doubled but the school size became smaller in the second period, as evidenced by the decrease in all morphometric descriptors (school length, thickness, and area in Table 1 , P < 0.01). Despite the smaller size in the second period, the abundance index was higher (P < 0.05). Fractal dimension was significantly different between the two periods (P < 0.001); the schools became smoother in the second period as indicated by their smaller fractal dimensions. Unlike the differences in morphometric and energetic descriptors, the vertical distribution of schools (approximately 7.5 m above bottom, Table 1 ) was similar for the two periods (P = 0.74).
NND-clustering
The average number of schools per EDSU for each day, n , was higher in the first fishing period than in the second period (Table 2) . A nonparametric test was used to test the difference of the daily n in the two periods and the results demonstrated that they are statistically different (Wilcoxon rank test, P < 0.05). The clustering of schools was apparent for (Table 2) . It is not surprising that the average NND increased in the second period (P < 0.001, Table 3 ), because the number of schools per EDSU was smaller (Table 2) .
With a fixed 1 km threshold to identify clusters, 723 schools were grouped into 115 clusters with 85 solitary schools in the first period. In the second period, 349 schools were grouped into 80 clusters with 125 solitary schools. The coefficients of determination (R 2 ) from the linear regression of the number of schools in a cluster on cluster length are high in the two periods (0.92 and 0.88, respectively).
Although the average NND between schools increased in the second period, the distances between schools within the clusters did not differ in the two periods, because there was similar number of schools per unit cluster length (i.e., ρ clus , Table 3 ). The larger NND is due to the larger distance between clusters (P = 0.04) and between solitary schools (P = 0.10). In contrast, there are more schools in each cluster in the first period (P < 0.05), which resulted in the cluster length being significantly higher in the first period (P < 0.05). Also, the number of schools per km significantly decreased and the ratio of solitary schools to total schools significantly increased in the second fishing period (Wilcoxon rank test, P < 0.05) (Fig. 6 ). However the decrease of the number of clusters per km was not significant (Wilcoxon rank test, P = 0.098) (Fig. 6) . The Wilcoxon rank test was used here because these ratios were calculated for each day and sample sizes were small. Cluster abundance was similar for the two periods (P = 0.96) although on average clusters were of smaller size with fewer schools in the second period. Similarly, abundance of solitary schools did not differ between the two periods. 
Variography
Variograms for the average s v showed significant structure in the two periods (Fig. 7) . The nugget effect only contributed a small part of the variance (42% for the first period and 25% for the second period). The variograms for the two periods were different, indicating that the spatial structure of walleye pollock changed between the two periods. The estimated nugget, sill, and range (0.12, 0.29, 5.9, respectively) in the first period were smaller than those (0.66, 2.61, 16.8, respectively) in the second period, which indicates an increase in variability of pollock schools at all spatial scales and that the spatial structure of pollock schools was more extended after fishing. 
Discussion
Walleye pollock is one of the main prey species of Steller sea lions. The decline in the sea lion abundance has caused concerns about potential competition between commercial fishing and sea lions. Wilson et al. (2003) described two kinds of fishing effects on pollock. First, fishing removal may cause the decline of the stock abundance in a local area. However, Battaile and Quinn (2006) found evidence pollock recover from this impact in about one week, so this effect may not be strong. Second, fishing may affect long-term pollock behavior that may cause changes in pollock spatial structure. The fish may dive deeper after fishing or form smaller but denser aggregations. The spatial coverage of fish may decrease after disturbance. Both of these effects may impact the foraging behavior of predators on pollock.
To study the effects of fishing on a fish population, one method is to observe the exploited population over a short period, such as the Wilson et al. (2003) study on the interaction between pollock and fishing in the Gulf of Alaska east of Kodiak Island. The study area was surveyed before, during, and after fishing activities. Pollock spatial distribution, biomass and vertical distribution were compared to investigate the effect of fishing. They were unable to detect significant links between fishing and pollock distribution and biomass. We used two fishing periods because nearly the same areas were fished in both (Fig. 1) . Although the fishing tracks were not exactly the same in the two periods as in a scientific survey, the fishing tracks were highly overlapped in the study area. Most of the areas traversed in the second period had been traversed during the first period. Therefore, we considered it reasonable to compare the pollock distribution during the two periods.
The study vessel headed northeast after February 6 and returned to the study area on February 14. The other fishing vessels exhibited similar fishing patterns based on our data. This exploitation pattern gave pollock in the study area about one week without fishing impacts. 
Semivariance
The average abundance was similar in the two fishing periods, suggesting that any local depletion that may have occurred was apparently replenished by pollock moving in from other areas. This paper mainly addressed the question of changes in pollock spatial distribution at different scales over a short time period (about one month). After some days of fishing, the pollock schools seemed to have significant changes at the small scale (school level). The schools became denser (increased NASC and s L ), smaller (decreased morphometric descriptors), and smoother (decreased fractal dimension). Since total abundance did not change substantially between the two fishing periods, an increase in school density would be expected to result in a decrease in school frequency and an increase in the distance among schools. Unlike the significant changes in morphometric and energetic descriptors, the vertical distribution did not change significantly, suggesting that the fish did not dive deeper as has been hypothesized. The bottom depth is mostly less than 150 meters on the fishing grounds north of Unimak Island. Since most of the detected schools were just above the bottom, the ability of schools to dive deeper is restricted, so the vertical distribution of disturbed fish in deeper fishing areas cannot be inferred from our study.
Clustering of schools is a common phenomenon for schooling fish (Swartzman 1997 , Petitgas 2003 . Our study confirmed that there is clustering of eastern Bering Sea pollock schools. To identify the clusters, both fixed distance threshold (Swartzman 1997 ) and variable threshold (Petitgas 2003) methods have been used. For comparison of clusters in the two fishing periods, we chose the fixed threshold method, because of the short time period and small area covered in this study. The 1 km threshold value was chosen based on the cumulative frequency of NNDs. Our results established that this threshold worked well according to the criteria by Petitgas (2003) . There are neither too many clusters nor solitary schools, and there is a high R 2 for the linear regression of the number of schools in a cluster on cluster length.
Similar to the results at the school level, there were also significant changes at the level of clusters of schools and 1 nm EDSU. A decrease of school numbers per EDSU and the increase in NNDs suggest that fishing may have had a short-term effect. One interesting result is that the NND between schools within clusters did not change. This suggests that there is some attraction/repulsion process that keeps NND within clusters the same while changing the number of schools in a cluster. The increased overall NND was caused by an increase in inter-cluster distance or perhaps distances between solitary schools (Table 3 ). In contrast, the cluster abundance was similar between the two periods despite the changes of school characteristics in clusters. Similarly, average abundance of solitary schools did not differ during the two periods. Pollock may find more places suitable for aggregation in the absence of fishing, but then find fewer areas suitable after encountering fishing impacts. Once these preferred areas are chosen, pollock might form tighter and smaller schools or clusters of schools with high abundances.
Variograms display the spatial distribution pattern of pollock schools at a scale larger than 1 nm. The nuggets for the two periods contributed only a small portion of the variance, which suggests the presence of spatial correlation. From the increased sill and nugget, pollock schools became more variable in spatial distribution at all scales greater than 1 nm, which is also found at school level. In the second period, most of the school descriptors had higher variances ( Table 1 ). The range in the second period is higher than that of the first period (Fig. 7) , indicating that spatial correlation of pollock extends to greater distances.
In summary, our results suggest the following operative hypothesis of pollock schooling behavior during the A fishing season. Pollock aggregate into schools in the daytime and disperse at night during the spawning season. After about two weeks of fishing, the aggregation pattern changes both at the school scale and scales larger than 1 nm. Pollock aggregate in smaller but denser schools that have a patchier distribution in space. The changed aggregation pattern may be due to commercial fishing or to biological changes in behavior and movement. It is unknown whether the increased patchiness of pollock is a persistent feature of the A fishing season. This study is a first look at pollock schooling and the effects of fishing on pollock school distribution. The observations are somewhat limited, so it is difficult to draw strong conclusions. However, the results of this study suggest fishing may alter school distribution and density. We recommend further research be undertaken to better understand the relationship between fishing removals and the subsequent reduced spatial extent of the pollock and the possible effect on the foraging ability of Steller sea lions and other predator species dependent on pollock. 
Abstract
The Georges Bank haddock stock began to recover from a state of near collapse (5% of B MSY ) in the mid-1990s after portions of the stock were protected by large-scale, year-round, closed areas. The stock produced an exceptionally abundant year class in 2003 and may provide the potential to rebuild the stock to B MSY in the near future. Coincident with this exceptional recruitment event, consistent annual decreases in haddock mean lengths and weights at age have occurred across all age groups since 2001. We investigated how stock density, consumption, and temperature variations during 1968-2004 affected haddock growth by using assessment results and food habit data collected from research surveys. Time series of bottom-water temperature anomalies and cohort-specific growth data were used to investigate the effects of changes in stock density and temperature on growth. The Georges Bank haddock stock shows clear signs of density-dependent growth, an important consideration in stock recovery and assessment.
Introduction
The Georges Bank haddock (Melanogrammus aeglefinus) stock has been fished since at least the early 1900s, when reliable catch records were initiated. The Georges Bank haddock stock is currently managed as western and eastern Georges Bank stock units to reflect a harvest sharing agreement between the United States and Canada (Fig. 1) . This important New England groundfish produced average annual yields of about 46,000 t during 1931 -1960 (Brodziak et al. 2006 ) despite experiencing relatively high fishing mortality rates of roughly F = 0.5 (Fig.  2) . The haddock stock was heavily fished by distant water fleets in the mid-1960s and was severely depleted by the early 1970s. Two strong year classes (Fig. 3, 1975 and 1978) bolstered the stock in the mid-1970s, but these year classes were rapidly fished out. The stock subsequently declined through the 1980s until it was declared to have "collapsed" in 1994 (Fig. 3) .
Restrictive fishery management measures, including year-round closed areas, days-at-sea restrictions, and increased trawl mesh sizes, were implemented to rebuild New England groundfish stocks in the mid-1990s (Fogarty and Murawski 1998, Brodziak and . These measures were effective at reducing fishing mortality on Georges Bank haddock, which experienced fishing mortalities lower than the overfishing threshold for the longest period on record during 1995-2004 (Fig. 2) . The stock had a distinct positive response to reduced fishing mortality (Fig. 3) . Spawning biomass increased from a record low of 15 kt in 1995 to 117 kt in 2004. The rapid turnaround of the Georges Bank haddock stock was incredible to some who believed there was little chance that this collapsed stock would ever recover. As the stock has recovered, however, there has been a marked decline in mean lengths and weights at age. In particular, reductions in juvenile and adult mean lengths and weights at age have been substantial in both research survey and commercial fishery samples conducted in recent years (Van Eeckhaute and Brodziak 2005, Brodziak et al. 2006) . Current juvenile and adult sizes at age, indexed by the Northeast Fisheries Science Center (NEFSC) spring survey mean length at age 2 and age 5, are well below their long-term average (Fig. 4 ). An age-5 haddock now is roughly the same size as an age-4 haddock during the 1980s and is roughly 5 cm smaller on average than an age-4 haddock during the 1970s. Overall, haddock size at age has been shrinking since the late 1990s.
The Georges Bank haddock stock produced an exceptionally abundant year class in 2003 (Van Eeckhaute and Brodziak 2005, Brodziak et al. 2006 ). This year class appears to be the largest ever recorded and has the potential to rebuild the stock to biomass well beyond B MSY by 2007 (Fig. 3) . The growth pattern of the 2003 year class appears to be slower than of the exceptional 1963 year class (Fig. 5) , which grew very slowly in comparison to other year classes on average. The slow growth of the 2003 year class has meant that it will not recruit to the commer- cial haddock fishery, which has a 48 cm minimum size limit, until it reaches age 4 or older. The delay of about one year in recruitment has been a surprise to the New England fishing industry, which expected to harvest this abundant year class in 2006 to help defray reduced yields from Georges Bank cod and other overfished groundfish. In this study, we empirically address the question of why Georges Bank haddock are growing more slowly than during the 1970s to mid1990s. We used stock assessment data along with oceanographic and food habit data collected from research surveys to investigate several factors that could affect growth: stock density, oceanographic conditions, and food consumption/prey availability. We particularly wanted to test for first-order effects of these factors on juvenile and adult size and on average growth increment. Using alternative regression models fit to both mean size at age within a cohort across years and across cohorts with an annual time step, we investigate the implications of changes to haddock growth for the assessment and management of the Georges Bank haddock stock. 
Materials and methods
Response variables
Size-at-age data based on otolith ageing were used to characterize haddock growth during the past four decades. Research survey data collected during the NEFSC spring bottom trawl survey provided a consistent set of standardized information on haddock size at age during 1968 (Brodziak et al. 2006 . Typically, this survey samples Georges Bank for 2-3 weeks during late March to early April. Mean spring survey length at age 2 was used as an index of juvenile haddock growth (Fig. 4) ; this is roughly the current median age of sexual maturity for Georges Bank haddock (Brodziak et al. 2006 ). The mean survey length at age 5 was used as an index of adult growth (Fig. 4) . The difference between realized size at age 5 and age 2 was also used to index the growth rate of individual cohorts and also to measure the realized difference in size at age within a year across cohorts.
Age ( , 1968-2005 . Overall, the six growth series were used as response variables in analyses to evaluate the effects of stock density, temperature, and food availability on haddock growth.
Explanatory variables
Three explanatory variables were used to characterize the effects of changes in haddock stock density, environment, and feeding conditions on growth. For stock density, spawning biomass was used as a proxy for the relative magnitude of adult biomass (Fig. 3) . These data were available for 1963-2004 from the most recent stock assessment (Brodziak et al. 2006) . Changes in environmental conditions were indexed by a time series of bottom water temperature anomalies for Georges Bank, measured as annual deviations from the long-term average (Fig. 6) . The bottom water temperature anomalies for Georges Bank were computed 1965 1970 1975 1980 1985 1990 1995 2000 2005 Temperature ( using the methods of Mountain et al. (2004) and were available for 1968 -2003 . However, there were no comparable estimates of haddock feeding condition on Georges Bank. As a result, we developed a proxy for feeding conditions based on an estimate of the amount of biomass (grams of wet weight) consumed by the haddock stock in each year.
Year
Consumption estimates
We developed estimates of annual Georges Bank haddock consumption using food habit data collected from annual NEFSC spring and autumn survey data. To do this, all available haddock stomach data were compiled to compute mean per capita ration size for four age groups: age 0 to age 2 (group I ), age 3 and age 4 (group II ), age 5 through age 8 (group III ), and age 9 and older (group IV ). Length-specific stomach volume measurements were aggregated over 10-year periods to ensure adequate sample sizes, because few haddock stomachs were collected during periods of very low stock abundance in the 1980s to early 1990s and also because there was annual variability in food habit observations. The time periods chosen for aggregating the food habit data were 1975-1984, 1985-1994, 1995-1999, and 2000-2005 . The last decade of data was split into two 5-year periods to account for the almost tenfold change in stock density during 1995-2004. The food habit data were also split out by length groups to approximate ontogenetic changes in diet. In this case, it was necessary to approximate the length ranges of age groups during each time period to account for changes in average length at age (Table 1) . Given these size cutoffs, estimates of haddock per capita consumption by age group were computed using methods described in Link and Almeida (2000) . Annual haddock consumption during 1963-2004 was then estimated as the product of mean per capita consumption per group times the stock size estimate of each group from the most recent assessment (Brodziak et al. 2006) . No food habit data were available for Georges Bank haddock during 1963-1974, and (Searle 1987) . We also tested whether mean per capita consumption estimates differed at the α = 0.05 confidence level between time periods and between age groups using Tukey's studentized range test.
Model selection and multimodel inference
There were several possible ways in which haddock growth might have changed in relation to stock density and oceanographic and feeding conditions since the 1960s. To address this, we used a multimodel inference approach to model selection and hypothesis evaluation (c.f., Burnham and Anderson 2002 and references therein). We evaluated three hypotheses using two ways of comparing size at age between years, both by cohort and across year classes. Under the first hypothesis, juvenile growth has been unaffected by stock density and oceanographic and feeding conditions. This was investigated by testing whether mean length at age 2 was influenced by each of the factors. Under the second hypothesis, adult growth was independent of the factors. This was also evaluated by testing whether mean length, in this case for age-5 haddock, was significantly altered by the three predictors. The third hypothesis was that growth rate from juvenile to adult was invariant with respect to the three factors; this was evaluated using the growth increment from mean size at age 2 to age 5. The three hypotheses were tested using two treatments of the growth data. These treatments represented growth effects on individual cohorts and across year classes by lagging the growth indices to match the time in which the explanatory factors influenced growth (Table 2 ). For the hypotheses by cohort, the potential effects were assumed to occur on age-0 haddock. In particular, the conditions experienced by haddock early life history stages consisting of eggs, larvae, and newly settled juveniles were tested for their impact on subsequent growth. To assess the hypotheses across year classes, the potential effects of prevailing conditions on realized growth of juveniles and adults from different year classes were compared within each year. In this case, the observed predictors were assumed to influence growth pattern of juvenile and adult haddock, as indexed by age-2 and age-5 mean length, within a given year (Table 2) . We used a model selection and multimodel inference approach (Buckland et al. 1997, Burnham and Anderson 2002) to approximate the first order effects of the predictors on growth indicator (G). This approach allowed us to characterize model selection uncertainty if alternative models with different predictors provided similar fits to the growth data. The global linear model included each of the potential predictors, annual stock density, D, temperature anomaly, T, and total haddock consumption, C, as explanatory variables assuming independent and identically distributed errors (ε) with zero mean and a constant variance.
Subsets of predictors of the global model represented alternative hypotheses regarding which predictors had an important effect on growth. Model selection and multimodel inference techniques were applied to determine whether the global model or an alternative subset of predictors was most appropriate for each of the six hypotheses ( Table 2) .
The model selection criterion was the Akaike Information Criterion (AIC), which is an information-theoretic approach to judge the adequacy of alternative model fits to a fixed data set (Akaike 1983 ). In the linear regression case considered here, AIC produces identical model rankings as Mallow's C p statistic for models with normal residuals and constant variance (Burnham and Anderson 2002) . All single-predictor deletions from the global model were compared using AIC. When a simpler model had a superior fit with a lower AIC, then that model supplanted the
Hypothesis Response variable Explanatory variables
Juvenile size is independent of D, T, and C experienced at age 0 by cohort (k)
Adult size is independent of D, T, and C experienced at age 0 by cohort (k)
Juvenile to adult growth increment is independent of D, T, and C experienced at age 0 by cohort (k)
Juvenile size is independent of D, T, and C within a year (k)
Adult size is independent of D, T, and C within a year (k)
Juvenile to adult growth increment is independent of D, T, and C within a year (k) Table 2 . List of hypotheses about the potential effects of stock density (D), temperature (T), and consumption (C) by haddock on observed Georges Bank haddock juvenile and adult mean lengths at age (a) by year (k), denoted as µ a,k , and observed juvenile to adult growth increments to be tested using stepwise model selection.
global model and the next set of possible single-term predictor deletions was again evaluated using AIC. This iterative model selection approach stopped at the best numerically-fitting model when no single-term deletion improved the AIC fit. If the AIC differences (Δ AIC ) between previous and subsequent best-fitting model were small, however, on the order of Δ AIC < 2 (c.f., Burnham and Anderson 2002) , then both models provided similar fits to the data and, as a result, there was model selection uncertainty. In this case, we used model averaging based on the AIC differences of the two best-fitting models to evaluate the relative probability that each was true since the model selection criterion did not provide a clear choice. This was accomplished by computing the Akaike weight
where Δ k is the difference between the AIC for model k and the best fitting model with the smallest AIC value and using the weights for averaging model coefficients and computing their model-averaged standard errors (Buckland et al. 1997, Burnham and Anderson 2002 ). The resulting model-averaged coefficients were then used to quantify the importance of each relevant predictor of growth, although in practice, averaging was applied for only one out of the six growth indicators examined.
Correlations and autocorrelations of the three explanatory variables were also used to assess whether they conformed to model assumptions of independence and uncorrelated errors. Last, nonparametric bootstrapping was applied to estimate parameter bias as well as standard errors of the regression coefficients of the best fitting or model-averaged result (Efron and Tibshirani 1993) . In this case, 10,000 bootstrap replicates were used to assess whether parameter bias was important in comparison to parameter variability.
Results
Consumption estimates
Consumption estimates on a per capita basis showed differences among age groups by time period (Fig. 7) . ANOVA results indicated that time period, age group, and their interaction were significant (R 2 = 0.34, P < 0.0001). Per capita consumption estimates were significantly different for each pair of time periods except 1995-1999 and 2000-2005 . Similarly, per capita consumption estimates were significantly different between all age groups. Consumption by juvenile haddock (group I) appears to have been higher during the 1980s and 1990s than in recent years.
Consumption by young adult haddock (group II) also appears to be higher during the same time period. In contrast, consumption by older haddock (groups III and IV) appears to have been higher per capita during the 1970s and 1980s. Overall, it appears that there has been a decrease in per capita consumption by older haddock since the 1970s, with a marked decrease for the oldest age group.
Estimates of total haddock consumption during 1963-2005 (Fig. 8 ) tend to track stock density as might be expected. Summed over the entire time series, consumption by juvenile haddock (group I) represents about 49% of total haddock consumption even though this group has the lowest per capita ration size. The nominal biomass consumption estimates derived from survey food habit data indicate that annual consumption peaked in the mid-1960s and subsequently declined as haddock abundance diminished under intensive fishing pressure. A moderate increase in haddock consumption occurred during the mid1970s coincident with the production of the large 1975 and 1978 year classes. Consumption then declined and fluctuated about record low levels during the 1980s to early 1990s. Since the mid-1990s, haddock consumption has increased with stock size. Total haddock consumption in the early 2000s appears to have reached the peak levels experienced 1975-1984, 1985-1994, 1995-1999, and 2000-2005. in the 1960s. Current haddock consumption levels are among the highest ever observed on Georges Bank.
Model selection and multimodel inference
Some of the explanatory variables for the model selection analyses were correlated and also exhibited serial correlation, as might be expected. Total consumption and stock density exhibited a strong positive correlation, ρ = 0.78 (P < 0.001), primarily due to the dependence of the total consumption estimates on annual stock size estimates. In contrast, temperature was not significantly correlated with either stock density or consumption (ρ < 0.25). Among the three potential predictors of growth, both the stock density and consumption series exhibited significant autocorrelations. For spawning biomass, a significant positive autocorrelation occurred at lags 1 through 3 while total consumption had significant positive autocorrelations at lags 1 and 2. In contrast, the bottom temperature series did not exhibit autocorrelation. Overall, the significant serial correlation of the stock density and consumption 1965 1970 1975 1980 1985 1990 1995 series suggested that the least squares estimates of regression parameters could be biased due to a lack of independence. The magnitude of this potential parameter bias was evaluated in the bootstrap analyses of the best fitting regression coefficients. The model selection analyses for growth impacts by cohort indicated that stock density, temperature, and haddock consumption experienced at age 0 each had a significant effect on haddock growth (Table  3 ). The juvenile size by cohort analysis indicated that the stock density experienced at age 0 had a significant negative impact on the realized mean size at age 2 of that year class (Table 3 ). The bias of the stock density slope coefficient was less than 3% of the estimated slope which indicated that parameter bias due to serial correlation was unimportant. The AIC difference of the best fitting model was substantial (Δ AIC ) in this case and model uncertainty was not apparent for the set of models examined. The regression model results also suggested that stock density explained about half of the observed variability in survey mean size at age 2, which is a substantial amount considering the variety of biotic and abiotic factors that could influence growth.
Year
For the model selection analysis of adult size by cohort, there was substantial model uncertainty with an AIC difference of only Δ AIC = 0.4. In this ambiguous case, results of the best fitting (total consumption only) and penultimate (total consumption and temperature) models were averaged using Akaike weights computed from the Δ AIC . The associated probabilities for the best fitting and penultimate models were 0.55 and 0.45, respectively. The model-averaged results showed that both total consumption and temperature experienced at age 0 influenced the realized mean size at age 5 (Table 3) . In this case, higher total consumption and higher temperatures were associated with smaller mean juvenile size. However, total consumption appeared to have a more pronounced effect given the high variability of the estimated temperature coefficient. The bias estimates for the consumption and temperature slope coefficients were roughly 4% and 6% of the regression coefficients suggesting that parameter bias was relatively low in comparison to the corresponding coefficients of variation, which were roughly 50% and 150%. Overall, the model-averaged results explained only about 18% of the variability in mean adult size and the majority of the variability in adult mean size was based on a combination of non-modeled factors.
The results for the growth increment index suggested that the temperature experienced by a year class at age 0 had an important influence on subsequent growth rate between age 2 and age 5 (Table  3) . In this case, higher temperatures had a negative impact on growth increment, similar to that observed for adult size. Parameter bias of the temperature slope coefficient was also estimated to be relatively minor, about 1% of the estimated slope. Nonetheless, there was substantial unexplained variability.
The model selection analyses for growth indicators across year classes indicated that only stock density had a detectable effect on realized growth within a year (Table 3 ). The regression analysis of observed juvenile size within a year showed that stock density had a significant negative effect on mean length at age 2 when higher stock densities were associated with smaller juvenile sizes at age. In this case, the bias of the stock density slope coefficient was about 2% of the estimated slope, which was minor compared to its standard error. Overall the juvenile size-at-age model explained about one quarter of the variation in juvenile size at age 2.
The analysis of adult size within a year showed similar results (Table 3) . Stock density within a year had a significant negative impact on realized mean length at age 5. The relative bias of the stock density slope coefficient was about 6%, much lower than its coefficient of variation of 47%. Nonetheless, the amount of variability explained was relatively low, roughly 13%, and most of the variation in adult size within a year was due to non-modeled factors. The model selection analysis of the observed size difference between age 2 and age 5 haddock within a year showed that none of the relevant factors had a significant effect on this growth indicator (Table 3) . In this case, there was no apparent signal in the growth differences among cohorts and the stock density, temperature or consumption indices by year.
Discussion
The model selection and multimodel inference analyses indicated that there was strong support for the hypotheses that juvenile haddock size was affected by stock density. Stock density experienced in early life history stages had a significant negative impact on juvenile size when analyzed by cohort. This suggests that cohorts that experience low stock densities at age 0 have an initial positive opportunity for rapid growth due to less intraspecific competition. Stock density also had a significant negative impact on observed juvenile size within a year although the estimated strength of this effect was about half that of the stock density experienced at age 0. In this case, higher stock density would likely be associated with reduced per capita ration consumption and reduced juvenile growth rate. Overall, high stock density has a negative impact on the size of juvenile haddock on Georges Bank.
Adult haddock size was similarly affected by stock density but was also influenced by total consumption and temperature. Total haddock consumption and temperature experienced by a cohort at age 0 both had a significant negative effect on realized adult size. This suggests that competition for food and metabolic costs experienced by early life history stages influence subsequent adult size. Lower temperatures and lower total consumption by haddock provide a positive growth opportunity for a cohort. In contrast, observed adult size was significantly negatively associated with stock density within a year. This suggested that competition for food within a year can also influence adult size at age. Overall, adult haddock size was larger when stock density was low or when a cohort experienced favorable growth conditions in its first year.
The model selection analyses showed that the growth increment from juvenile to adult was influenced by temperature when assessed for individual cohorts. There was a significant negative impact of temperature experienced at age 0 on growth increment. This suggests that haddock cohorts that experience unfavorable growth conditions early in life continue to grow slowly in subsequent years.
There is a strong linkage between spawning biomass and observed juvenile and adult sizes at age in the Georges Bank haddock stock. An increase in spawning biomass on the order of 100,000 t would be predicted to lead to a decrease in mean length on the order of 4 to 5 centimeters in juvenile and adult sizes at age. Increases in total consumption by haddock, which is significantly positively correlated with spawning biomass, would likely have similar effects. In this case, it would be simpler to use spawning biomass as an index of the possible effects of density-dependent growth of haddock because it is a standard component of the haddock stock assessment. Overall, the significant negative impact of high stock density and total consumption on growth provide a clear answer to the question of why the 2003 year class of Georges Bank haddock did not recruit to the fishery in 2006.
Previous studies have also suggested that Georges Bank haddock exhibit a density-dependent growth pattern (Clark et al. 1982) although specific mechanistic factors such as the effect of increased consumption were not examined. The tight coupling between haddock stock density and consumption estimates developed in this study suggests that stock density can be a useful proxy for measuring aggregate intraspecific feeding effects. The fact that haddock feed on a wide variety of benthic organisms Almeida 2000, Brodziak 2005 ) suggests that interspecific feeding interactions with other benthivores may also be important. The diet of haddock on Georges Bank overlaps with that of several skate and flatfish species (Garrison 2000 , Link and Almeida 2000 ), yet it is unknown if the recent increases in overall haddock stock consumption affect these species. Furthermore, reduced weights at age have been reported for a number of New England groundfish in recent years (NEFSC 2005) . The degree of dietary overlap between haddock and other demersal fishes is rather broad; an evaluation of the joint consumptive impacts of haddock, flatfish and elasmobranchs on Georges Bank would help elucidate whether the system can support several groups of species at or near biomasses that would maximize their individual surplus production. This is an important research topic given recent controversial increases in some groundfish biomass targets (Greene 2002 ) and the aforementioned decrease in size-or weight-at-age data for several groundfish species.
One of the important results of this study was that juvenile haddock consumption was roughly half of total consumption despite the fact that the per capita ration of adults is several-fold larger than for juveniles. This has potential importance in assessing the consumptive impacts of exceptional haddock year classes, such as the 1963 or 2003, on the growth of prior and subsequent year classes and possibly also with recruitment. Herrington proposed that haddock could exhibit a dome-shaped stock recruitment curve based on intraspecific competition between juvenile haddock and adults on winter feeding grounds (Herrington 1947) . Given the empirical findings of this study, Herrington's hypothesis may have increased support. In particular, the theoretical basis of the dome-shaped Shepherd stock-recruitment curve depends on density-dependence in juvenile growth. Whether Georges Bank haddock exhibit a dome-shaped pattern or a flat-topped stockrecruitment relationship is important for the long-term management of this transboundary resource. The lack of stock-recruitment observations at high spawner abundance, in excess of 200,000 t, has certainly limited the opportunities to detect a decrease in haddock recruitment at higher stock density. Nonetheless, given the size of the recent 2003 year class, the probability of gathering data at high spawner abundance has vastly increased and there will be a valuable opportunity to directly observe the demographic changes associated with high spawner abundance.
The implications of density-dependence in growth for the assessment and management of the Georges Bank haddock stock are substantial and important. A prerequisite for documenting and understanding this pattern has been the ongoing collection of annual haddock sizeat-age data. This sampling has continued since the 1930s and it is highly recommended that this long-term monitoring be continued. The primary implication of density-dependent growth of Georges Bank haddock is that the biological reference points of threshold fishing mortality and target spawning biomass need to be revised to account for the observed pattern. The current reference points do not explicitly account for density-dependent changes in haddock growth as stock density increases. To this end, extending the methodology of Brodziak and Legault (2005) to account for density-dependent growth patterns would be a useful approach.
The impacts of the observed shrinkage in haddock size at age are important for this rapidly recovering stock. The recent slower pattern of growth implies that it will likely take more than three years for haddock to recruit to the minimum legal size of 48 cm. This delayed recruitment could lead to an increase in discards of sublegal haddock in coming years, especially from abundant cohorts such as the 2003 year class.
A related issue is whether the benthic production on Georges Bank is currently sufficiently similar to the historic pattern during the 1930s-1960s, when the haddock fishery was very productive. While the Georges Bank ecosystem has experienced strong anthropogenic impacts through intensive fishing over the past 50 years (Fogarty and Murawski 1998) , there are few data to quantify changes in benthic production and the potential impacts on haddock growth. In the case of the incredible shrinking Georges Bank haddock, we will just have to be patient and see what nature reveals.
